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Abstract 
 
For many years various tetrazolium salts and their formazan products have been employed in 
histochemistry and for assessing cell viability. For the latter application, the most widely used are 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and 5-cyano-2,3-di-(p-
tolyl)-tetrazolium chloride (CTC) for viability assays of eukaryotic cells and bacteria, respectively. 
In these cases, the nicotinamide-adenine-dinucleotide (NAD(P)H) coenzyme and dehydrogenases 
from metabolically active cells reduce tetrazolium salts to strongly colored and lipophilic formazan 
products, which are then quantified by absorbance (MTT) or fluorescence (CTC). More recently, 
certain sulfonated tetrazolium, which give rise to water-soluble formazans, have also proved useful 
for cytotoxicity assays. We describe several aspects of the application of tetrazolium salts and 
formazans in biomedical cell biology research, mainly regarding formazan-based colorimetric 
assays, cellular reduction of MTT, and localization and fluorescence of the MTT formazan in lipidic 
cell structures. In addition, some pharmacological and labeling perspectives of these compounds are 
also described. 
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1. Introduction 
 
Cell proliferation and viability assays for cultured cells have been largely based on the reduction of 
colorless tetrazolium salts to colored formazans. However, other methods such as 3H-thymidine or 
bromodeoxyuridine uptake, clonogenic assays, staining, and/or redox probes (trypan blue, 
fluorescein diacetate and derivatives, protein detection by sulforhodamine B, resazurin, etc) are also 
known and widely used (Horobin and Kiernan, 2002; Stoddart, 2011; Stockert and Blázquez-
Castro, 2017, pp. 532-539). Several colorimetric procedures for assessing cell viability have been 
reviewed (Vega-Avila and Pugsley, 2011; Van Tonder et al., 2015). Their principal advantages are 
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avoiding the use of radioisotopes, together with easy and direct quantitative evaluation of viable 
cells. The applications and comparative results using the tetrazolium salt (MTT) assay and other 
viability methods (resazurin, neutral red, sulforhodamine B) have been described (Skehan et al., 
1990; Van Tonder et al., 2015; Da Luz et al., 2016). In the case of resazurin (a pH and redox 
indicator of cell viability), the blue oxazone chromophore is easily reduced to the red and 
fluorescent resorufin (Horobin and Kiernan, 2002). A disadvantage is that further reduction gives a 
final colorless product, N-hydroresorufin. Resazurin is currently used to detect biochemical activity 
and cytotoxicity in many different cell types (Visser et al., 1990; White et al.,1996; Nociari et al., 
1998). 
Colorimetric procedures are based on the extraction of the biologically/biochemically 
formed water-insoluble formazan by organic solvents, followed by its measurement with 
spectrophotometers or plate readers (Morgan, 1998; van Meerloo et al., 2011). In this context 
sulfonated tetrazolium salts are useful reagents because of the water solubility of the colored 
formazan products. Formazan compounds were first described at the end of the 19th century but 
were rather overlooked until their potential as localization stains in living systems and redox 
viability probes were reported much later (Mosmann, 1983; Carmichael et al., 1987). 
Our aim with this review is to provide a concise but comprehensive overview on 
tetrazolium-based viability assays in Cell Biology, considering key historical developments and 
methods, whilst also noting new applications and current views of the mechanisms of action of 
tetrazolium salts (mainly MTT). Incidentally, we would also like to celebrate the 60th anniversary 
(1957-2017) of the first publication describing MTT use in the life sciences (Pearse, 1957). 
 
2. Tetrazolium salts and formazans 
 
The structures of the tetrazolium ring and the corresponding formazan are shown in Fig. 1 A and B 
respectively, and their properties and uses have been extensively described (Altman, 1976; Lillie, 
1977, p. 227–228; Horobin, 1982; Seidler, 1992; Horobin and Kiernan, 2002, chapter 13). Different 
mono- and di-tetrazolium salts have been extensively used in histochemical applications (Horobin 
and Kiernan, 2002, see chapter 13; Kiernan, 2015) but only mono-tetrazolium compounds are 
routinely employed for assessing cell viability. The mono-tetrazolium salts 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, thiazolyl blue), and 5-cyano-2,3-di-(p-tolyl) 
tetrazolium chloride (CTC) are represented in Figs. 1 C and D. Compared to MTT, which has three 
aromatic rings, the more efficient fluorescence of CTC is probably related to its more restricted 
molecular rotational freedom resulting from possessing only two aromatic rings (Stockert and 
Blázquez-Castro, 2017, pp. 467-469).  
MTT was introduced for the histochemical detection of dehydrogenase activity by Pearse 
(1957). Neotetrazolium chloride (NTC), nitroblue tetrazolium chloride (NBT) and tetranitroblue 
tetrazolium chloride (TNBT) are widely used in histochemical detection of dehydrogenase activity, 
and as redox indicators in combination with indigogenic methods (Horobin and Kiernan, 2002, pp. 
164–165 and 166 respectively; Van Noorden, 2010; Kiernan, 2015). Protons generated by the 
dehydrogenase-catalyzed oxidation of substrates are picked up by the corresponding coenzyme. In 
the case of some tetrazolium salts, the reduced co-enzyme reduces electron carriers such as 
phenazine methosulfate (PMS) which, in turn, transfers the electrons to the tetrazolium salt as final 
electron acceptor producing a water-insoluble formazan. 
In addition, NBT is reduced by the metabolites (superoxide radical) produced specifically by 
the plasma membrane-bound NADPH oxidase, giving a blue di-formazan (Honoré et al., 2003). 
Blue tetrazolium chloride (BTC) was developed and used for demonstration of enzymes in normal 
and neoplastic tissues (Rutenburg et al., 1950), and as an indicator for seed germination and 
nanomolar detection of reducing sugars (Jue and Lipke, 1985). 
Formazans derived from CTC, MTT and other non-sulfonated compounds are lipophilic, 
and only soluble in organic solvents and oils. In contrast, on account of the water solubility of their 
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formazan products, sulfonated derivatives of some tetrazolium salts (Fig. 2) are also used for 
viability assays (see Section 3). Several reductants, and in particular many thiol-containing 
biomolecules, mediate in biological redox signaling (Winterbourn and Hampton, 2008), and can 
reduce MTT and other tetrazolium salts. Ascorbic acid, cysteine, dihydrolipoic acid, glutathione, 
glutathione S-transferase and tocopherols are known examples (York et al., 1998; Bhupathirajua et 
al., 1999; Chakrabarti et al., 2000; Stockert et al., 2012). 
Although insoluble formazan deposits can be microscopically observed due to their intense 
color, their direct localization within living cells has been rather overlooked (see Section 4). The 
TNBT formazan from glucose-6-phosphate dehydrogenase activity in living isolated hepatocytes 
has been observed to occur in the cytoplasm (Winzer et al., 2001). Early studies showed that 
formazan deposits are birefringent and can be detected under polarized light (Pfeiffer, 1964; Seidler 
and Scheuner, 1980). At present, sulfonated tetrazolium salts that are reduced to water soluble 
formazans using intermediate electron acceptors have found applications for cell viability assays. 
Whether or not reduction of these reagents is mechanistically similar to that of MTT will be 
discussed, see Section 3. 
  
3. Viability assays 
 
MTT is one of the most widely used probes for cell viability, proliferation, cytotoxicity, chemo- and 
radiosensitivity studies in vitro (Mosmann, 1983; Carmichael et al., 1987; Merlin et al., 1992). 
Compared with alternative methods, the MTT viability assay is simpler and less time-consuming, 
and also allows semi-automated evaluation using multi-well plates and photometric plate readers. It 
has been suggested that the net positive charge on tetrazolium salts such as MTT and NBT is the 
predominant factor involved in their uptake by live cells (Berridge et al., 2005). However, it is more 
likely that the lipophilic character of such salts is the more significant property, as it directly 
controls membrane permeability, see Table 1. Basic aspects and general applications of the MTT 
method have been extensively reviewed (Vistica et al., 1991; Thom et al., 1993; Marshall et al., 
1995; Morgan, 1998; Horobin and Kiernan, 2002, p. 162; Berridge et al., 2005; van Meerloo et al., 
2011; Stockert et al., 2012).  
For cell viability assessment, following reduction by dehydrogenases and reducing agents 
present in metabolically active cells, the yellow MTT is turned into a water-insoluble violet-blue 
formazan product (absorption peak at 562 nm with shoulders at 512 and 587 nm, when dissolved in 
sunflower oil). After MTT reduction, the culture medium is currently removed, formazan deposits 
extracted and colorimetrically assessed. Although Mosmann (1983) originally used acid isopropyl 
alcohol for extraction, Carmichael et al. (1987) found that this solvent resulted in low optical 
absorption values and suggested the use of DMSO or mineral oil as alternatives. In strongly acidic 
media, the presence of the cationic MTT formazan results in a complete disappearance of the 
absorption at 575 nm (Wang et al., 2014). The acidic pH used in solubilization solvents has two 
effects: it modifies the absorption spectrum of the cationic formazan and also changes the 
absorption of any pH indicator if present. Both processes are methodologically misleading and 
should be avoided. In spite of that, acidified isopropanol keeps on being in use (van Merloo et al., 
2011), but DMSO is a better alternative for formazan solubilization. Other solvents could be also 
adequate (i.e. dioxane, cyclohexane, tetrahydrofuran, dimethylformamide, etc.).  
It was initially thought that such enzymatic reduction took place in the mitochondria, due to 
mitochondrial dehydrogenases action. MTT reduction was thus considered a measure of 
mitochondrial activity, but the process is not dependent on succinate as previously believed 
(Berridge and Tan, 1993). The origin of this misconception could have some historical rationale, 
mainly based on early studies by Slater et al. (1963) on succinate-tetrazolium systems, and 
proposals of MTT for viability assessment by Mosmann (1983) and Carmichael et al. (1987). It is 
now known that in viability assays, MTT is mainly reduced by the coenzyme NAD(P)H and 
glycolytic enzymes of the endoplasmic reticulum (Berridge et al., 1996, 2005), see Section 4. 
4 
 
Therefore, cellular MTT reduction should be rather viewed as a measure of the rate of glycolytic 
NAD(P)H production. 
Exemplar sulfonated tetrazolium salts — MTS (Dunigan et al., 1995), XTT (Roehm et al., 
1991) and WST-1 (Tan and Berridge, 2000) — are shown in Fig. 2. The cellular uptake of these 
second-generation tetrazolium salts is limited, as their hydrophilic character turns them largely cell-
impermeable, see Table 1. Consequently, they are not as readily reduced as MTT. In addition, the 
reduction mechanisms of sulfonated tetrazolium salts (WSTs) such as WST-1 is significantly 
different from MTT reduction. Note here that WST-1 is, unlike MTT, predicted to accumulate in 
the plasma membrane due to its amphiphilic character, see Table 1. All sulfonated tetrazolium salts 
use intermediate electron acceptors such as PMS or menadione and produce water-soluble 
sulfonated formazans (Marshall et al., 1995). PMS has been used as an electron-transfer agent in 
place of flavin coenzymes and in the histochemical detection of dehydrogenases by tetrazolium 
salts (Farber and Buelding, 1956), but possible dangerous effects and mutagenic potential on living 
cells cannot be ruled out (Venitt and Crofton-Sleigh, 1979), which are disadvantageous for its use. 
Compared to MTT, MTS has the advantage that the viability assay can be carried out 
sequentially several times for kinetic studies, and no extracellular formazan crystals are formed. 
MTS is used on cell cultures in conjunction with PMS for cytotoxicity, proliferation and viability 
assays. The amount of sulfonated formazans delivered into the culture medium and colorimetrically 
detected is directly proportional to the number of live cells in culture (Cory et al., 1991; Roehm et 
al., 1991). Interestingly, the histochemical reagent zincon (Fig. 2, see Section 5) is also a sulfonated 
formazan derivative (Lillie, 1977, p. 234–235). 
In the presence of electron acceptors, both WST-1 and XTT are rapidly reduced by 
NAD(P)H and several reducing agents in the absence of cells and dehydrogenases (Berridge et al., 
1996). Consequently, caution should be exercised in using sulfonated tetrazolium salts in viability 
assays. With whole cells, XTT and WST-1 reduction appears to be extracellular or associated with 
the plasma membrane, as well as related to the superoxide anion (Berridge et al., 1996). In this 
context, it may be significant that WST-1 will accumulate in the plasma membrane, see Table 1. It 
has been previously shown that superoxide is involved in the reduction of NBT and INT (Liochev 
and Fridovich, 1995). Problems have been also reported when using XTT and WST-8 for Candida 
assays (Kuhn et al., 2003).  
In addition to its use on mammalian cell cultures, the colorimetric MTT assay is employed 
for testing the viability of protozoan (Dias et al., 1999) and sperm cells of several species (Aziz, 
2006; Van der Berg, 2015). Microbiological viability assay applications of tetrazolium salts are also 
well known and widely used (Thom et al., 1993; Bhupathirajua et al., 1999; Wang et al., 2014; 
Villegas-Mendoza et al., 2015; Grela et al., 2015), mainly for biofilms (Pérez et al., 2010; Trafny et 
al., 2013). MTT, CTC, XTT, and INT are the most widely used tetrazolium salts for assessment of 
microbial viability. In the case of INT, toxicity has been reported for prokaryote cells (Villegas-
Mendoza et al., 2015).  
 
4. Localization of formazans 
 
Although in early studies Koenig (1965) claimed that lysosomes and mast cell granules were 
stained in vivo by tetrazolium salts (NTC, NBT), this seems unlikely. In the case of MTT, Bernas 
and Dobrucki (2002) have shown that most MTT formazan deposits imaged using backscattered 
light under confocal microscopy are not coincident with the mitochondria, but the endoplasmic 
reticulum, cytosol, and plasma membranes seem to participate as the reduction sites of MTT in 
mammalian cells. Regarding the mechanisms and localization of several tetrazolium salts 
undergoing reduction, previous studies had suggested that different cell organelles such as the 
plasma membrane, mitochondria, endosomes and lysosomes could be involved in the process (Liu 
et al., 1997; Bernas and Dobrucki, 1999, 2000; Rich et al., 2001).  
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 Although the microscopic appearance of the intracellular formazan deposits is generally 
granular, it has been claimed that they are structurally crystalline (Bernas and Dobrucki, 2004). 
Following MTT incubation, and in addition to the cytoplasmic granules, a variable quantity of 
extracellular needle-shaped formazan crystals can be observed. The origin of this phenomenon is 
not clear. There are several suggested causes, one being that following intracellular MTT reduction, 
formazan deposits are extruded to give rise to the extracellular needles (Liu et al., 1997; Diaz et al., 
2007). However, it has also been said that intracellular crystal deposits are not released by 
exocytosis, but pierce the plasma membrane and produce cell death (Bernas and Dobrucki, 2004). 
In addition, MTT can be reduced by the cell culture medium alone to form extracellular formazan 
(Young et al., 2005), and the plasma membrane-bound NADPH oxidase could also produce 
formazan (Honoré et al., 2003). These mechanisms might be involved in the appearance of the 
extracellular MTT formazan crystals.  
Following current MTT assay protocols, normal cell cultures (controls, without any 
experimental treatment) show intracellular round formazan granules, and very few or not at all 
extracellular needle-shaped crystals, although sometimes, variable amounts of extracellular crystals 
are found in control cell cultures. This feature remains basically unexplained at present and should 
be further investigated. The occurrence of extracellular formazan deposits could introduce a serious 
error when assessing cell viability, giving rise to false positive values. Regarding formazan 
solubility, the consequences of the lipophilic character of many formazans (see Section 1) are 
however undisputed. Localization artefacts resulting from this lipophilicity effect arising in 
dehydrogenase histochemistry have been discussed (Horobin, 1982). 
As it will usually be the case that cell uptake and accumulation of MTT precede its 
reduction, localization of MTT tetrazolium salt and formazan has been investigated using a 
quantitative structure-activity relationship (QSAR) modeling approach (Stockert et al., 2012). In 
this context note that it has been long been known that probes for the endoplasmic reticulum first 
label mitochondria (Terasaki, 1994). A QSAR analysis showed that this correlated with a probe 
being both lipophilic and amphiphilic (Horobin et al., 2006, Horobin et al., 2015). Of current 
significance, the QSAR parameters of MTT (see Table 1) indicate that it also is both cationic and 
amphiphilic (Horobin and Stockert, 2011). Noting that such vital probes label both mitochondria 
and endoplasmic reticulum, and that treatment with MTT typically involves long incubation times 
and high tetrazolium salt concentrations, and considering the oxidizing power of mitochondria, it is 
likely that the selective reduction of MTT occurs at the endoplasmic reticulum and not at the 
mitochondria.  
Within cells, MTT formazan does not appear as crystalline needles but as granules that 
correspond to lipid droplets (Diaz et al., 2007; Stockert et al., 2012; Stockert and Blázquez-Castro, 
2017, pp. 467-469). Given the hydrophobicity of MTT formazan molecules, it comes as no surprise 
that once formed intracellularly they will diffuse by partitioning and accumulate at hydrophobic 
structures: membranous and lipid storage organelles. Again, the QSAR analysis supports the view 
that the stain has accumulated in lipid droplets, see Table 1.  
MTT formazan deposits and fluorescent signals from specific organelles subjected to image 
processing and analysis allowed comparison of the localization of MTT formazan product with 
those of mitochondria and lysosomes, showing that these organelles do not accumulate the 
formazan product (Stockert et al., 2012). Fig. 3 shows that the localization of mitochondria (based 
on the autofluorescent NAD(P)H and FAD signals) and MTT formazan signal are not coincident. 
To confirm the localization of MTT formazan in lipophilic structures, lipid droplets can be 
easily induced within cultured cells by incubation for several hours with a 10:1 (v/v) Dulbecco's 
modified Eagle's medium–sunflower oil emulsion (Stockert et al., 2010; Horobin and Stockert, 
2011; Stockert and Blázquez-Castro, 2017, p. 344). After incubation with an oil emulsion, MTT 
induces a strong accumulation of formazan in the lipid droplets (Fig. 4). In this case, the amount of 
formazan is clearly greater than that of the controls, which suggests an increase of the reducing 
power in cells treated with oil emulsions. This point deserves further investigation because of the 
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possible influence of lipid uptake and lipogenic processes on the results of MTT viability assays. 
Interestingly, it has been recently reported that on account of their lipidic nature, empty-liposomes 
interfere with MTT assays (Angius and Floris, 2015). 
 
5. Fluorescence imaging 
 
It is currently claimed that MTT formazan is non-fluorescent (Bernas and Dobrucki, 2004; 
Ladyman et al., 2016). However, CTC formazan shows red fluorescence (exc: 380-440 nm, λem: 
625 nm) in the solid state (Severin et al., 1985; Stellmach and Severin, 1987). This feature has 
found uses in flow cytometry and fluorescent viability assays of aerobic and anaerobic bacteria in 
cultures, biofilms, marine bacterioplankton, and environmental samples (Severin et al., 1992; 
Rodriguez et al., 1992; Sieracki et al., 1999; Bhupathirajua et al., 1999). Unfortunately, CTC cannot 
be used in mammalian cells as it does not cross the eukaryotic cell membrane (Frederiks et al., 
2006), perhaps due to its being retained in the plasma membrane due to its strongly amphiphilic 
character, see Table 1. Although CTC is used as an indicator of both extracellular reduction and 
bacterial viability (Gruden et al., 2003), several studies have raised questions about the accuracy of 
the assay as different species give different responses (Ladyman et al., 2016). 
As compared to MTT formazan with three aromatic rings, the more efficient fluorescence 
emission of CTC formazan is probably related to the lower rotational freedom of its two aromatic 
rings, compare Figs. 1 C and 1 D (Stockert and Blázquez-Castro, 2017, pp. 467-469). It has also 
been postulated that the two methyl groups in the phenyl rings of CTC formazan are essential for 
the fluorescence, as the compound lacking them is non-fluorescent (Ladyman et al., 2016). 
Although MTT formazan shows no fluorescence in some organic solvents in silico, 
considerable emission is apparent in viscous media, and needle-like crystals also show a bright red 
microscopical fluorescence under green (546 nm) excitation (Stockert and Blázquez-Castro 2017, p. 
469). Uptake of the lipophilic MTT formazan into lipid droplets and the Golgi apparatus of living 
HeLa cells treated with sunflower oil emulsion followed by the MTT viability assay (50 μg/mL 
MTT in culture medium) confirms the accumulation of this formazan in lipid structures, which is 
illustrated in Fig. 5 as bright-field, fluorescence and pseudocolored images.  
Fluorescence offers more sensitivity compared to colorimetric assays, and fluorescent assays 
would enable flow cytometry and confocal fluorescence to be applied for cytotoxicity analysis. 
Accordingly, new tetrazolium derivatives were recently synthesized by incorporation of known 
coumarin-, fluorescein- and rhodol-based fluorophores with disruption of their conjugated system, 
preventing or reducing fluorescence of the tetrazolium derivatives (Ladyman et al., 2016). These 
compounds were successfully reduced to the fluorescent formazans, thus allowing the development 
of fluorescent cytotoxicity assays, in which the fluorescent MTT formazan could be also 
incorporated. 
Other linear and flexible compounds whose structures are analogous to formazans are also 
candidates for fluorescence applications in more rigid environments. An interesting example is a 
tetra-azapentamethine cyanine dye, generated by reaction of MBTH (3-methyl-2-benzothiazolinone 
hydrazone HCl) with aldehydes (Lillie, 1977, p. 234). Such formazans or structurally analogous 
derivatives, either alone in rigid environments or complexed with suitable metals, might show 
useful emission properties. In this context, note that spectroscopic analysis of formazans should be 
made in the absence of metal cations, to avoid the formation of complexes with different spectral 
features. 
Regarding metal derivatives, it is well known that formazans can easily form chelates (e.g., 
with Co2+, Cu2+ and Ni2+ ions) with useful histochemical applications (Pearse, 1957; Lillie, 1977, p. 
227–228; Horobin and Kiernan, 2002, pp. 158, 162–163 and 168). In this context, the water soluble 
zincon formazan (Fig. 2) is a known chelating reagent for the histochemical demonstration of Zn2+, 
Mg2+, and Cu2+ ions (Lillie, 1977, p. 228). Unfortunately, fluorescence studies on diamagnetic 
metal complexes with zincon or other formazans have been scarcely reported. 
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On the other hand, metal to ligand charge transfer complexes (MLTC) of formazans could 
be also useful on account of their specific emission features. In addition to the well-known 
luminescence of MLTC complexes of ruthenium(II) with diimine ligands (Bradley et al., 1981; 
Bertolesi et al., 1995), the similar tridentate MTT formazan displaying pentagonal metal 
coordination can use the equivalent azo-imine group to form a luminescent Ru2+ complex (Stockert 
and Abasolo, 2011). The luminescence of this complex in ethanol under blue excitation is shown in 
Fig. 6. No emission is found for aqueous MTT or ethanolic non-complexed MTT formazan under 
the same excitation. The Ru-chelated MTT formazan could be applied in luminescent analysis and 
labeling methods. 
 
6. Pharmacological and labeling perspectives 
 
In addition to the use of tetrazolium–formazan systems as markers of cell viability, there is an 
increasing interest in other biological effects of these compounds. Thus, the versatile 
pharmacological activity of functionalized formazans as analgesic, antibacterial, anticonvulsant, 
antifungal, anti-helminthic, anti-inflammatory, anti-oxidant, antiparkinsonian, antitubercular, 
antiviral, and cardiovascular therapeutic agents has been recently reviewed (Shawalin and Samy, 
2015). Perhaps the most relevant effect of the investigated formazan derivatives is their 
antibacterial, anticonvulsant and antifungal properties. Predating such investigations, the antiviral 
activity of some tetrazolium salts and formazans has also been reported (Misra and Dahr, 1980). 
Regarding labeling, reduction of tetrazolium salts to insoluble formazans could be useful for 
in vivo labelling of tissues, organs and whole organisms. As an example, MTT and XTT have been 
applied in studies on filarial worms (Comley et al., 1989; Comley and Turner, 1990) and 
Saccharomyces cultures (Berlowska et al., 2006). Growing plants, Drosophila larvae, and 
Caenorhabditis worms would be suitable to test the uptake and reduction of tetrazolium salts in 
vivo. 
Warburg's observation that tumors exhibit a high rate of glycolysis even in the presence of 
oxygen (aerobic glycolysis) led to the postulate that cancer cells and normal differentiated cells may 
be metabolically distinct (Warburg, 1930; Potter, 1951; Greenstein, 1954). Although the role of 
glycolysis in both cell types remains controversial, the increased glycolysis would facilitate the 
synthesis and uptake of nutrients to support anabolic reactions in proliferating cells (Vander Heiden 
and Cantley, 2009; Lunt and Vander Heiden, 2011).  
On account of this metabolic feature of tumor cells, attempts to detect a higher reducing 
power compared with normal tissues were carried out using tetrazolium salts. Intravenous injection 
of 25 mg/kg triphenyl tetrazolium chloride (TTC) into rabbits showed no accumulation in tumors 
(Straus et al., 1948), and higher intravenous doses (100 mg/kg) were lethal, turning the blood serum 
ruby red. However, fresh or frozen tumor sections incubated in TTC in vitro strongly reduced the 
reagent to the red formazan (Straus et al., 1948). INT (2-(4-radioiodophenyl)-3-(4-nitrophenyl)-5-
(phenyl) tetrazolium chloride) administered intravenously to mice at a 0.1mg/kg dose, and 
evaluated through 131I radioactivity, was non-lethal, but showed no accumulation of 131I in tumors 
(Masouredis et al., 1950). Several types of rat tumors similarly showed no reduction of BTC after 
daily intraperitoneal injections, although the liver and kidneys appeared strongly blue-colored by 
the BTC formazan (Rutenburg et al., 1950). Given intraperitoneally to adult rats, 2.5 mg of 
neotetrazolium (NTC) and nitroblue tetrazolium (NBT) were lethal in a few hours (Koenig, 1965). 
Following intratumoral injection of MTT (10 μg and 100 μg in 0.1 mL of 0.9 g % NaCl saline 
solution), intradermal LM3 tumors in mice became intensely blue after 3 h and 5 min, respectively 
(Fig. 7). In contrast, intravenous administration of 1 mg MTT in saline solution was lethal, in 
agreement with previous observations using other tetrazolium salts.  
Formation of formazan crystals within blood vessels could be responsible for this lethal 
effect, as indicated by the red color of blood serum after intravenous TTC (Straus et al., 1948). 
Lower MTT concentrations (0.1 and 0.5 mg in 0.3 mL) were non-lethal, but no staining of any 
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tissue (either normal or tumoral) was observed, possibly because of previous MTT reduction by 
serum proteins before reaching any organ. In keeping with this is the fact that serum albumin, which 
accounts for much of the reductive capacity of serum, binds amphiphilic compounds such as MTT 
with avidity (Fasano et al., 2005), and leads to false-positive MTT assays (Funk et al., 2007).  
When compared to the easy reduction of tetrazolium salts by tumors in vitro or after 
intratumoral injection, the absence of reduction by tumors in vivo after systemic administration is 
puzzling. It is possible that, when administered intravenously, MTT and other tetrazolium salts 
must be protected from reduction by blood components. Perhaps encapsulation into liposomes 
would be a useful strategy for intravenous delivery of tetrazolium salts into living organism to 
ascertain tissue staining. Since the solubility of MTT in ethanol is higher than in water (Green, 
1990), it might remain trapped in the lipophilic phase of liposomes, and therefore protected from 
reduction, until its uptake into tumor cells. 
 
Conclusions 
 The MTT assay is, today, one of the most widely employed viability assays in biomedical 
research. In the present work we have provided a historical framework as a backdrop to recent 
publications providing new ideas, models and action mechanisms for MTT.  In some of these cases 
previously well-established concepts have been experimentally challenged. Thus there is a marked 
discrepancy between the subcellular sites formerly proposed for MTT reduction to formazan and 
recent experimental observations of such reduction. Therefore, we emphasize the need to better 
assess this significant issue. Also, tetrazolium salts in general, and MTT in particular, display 
interesting redox behavior, which can be exploited to study redox processes and redox biology in 
living samples. Thus, MTT use can go beyond a “mere” viability assay, and become an active 
compound in Cell Biology; as seen, for example, in the experimental work by Pascua-Maestro et al. 
in this present issue of Acta Histochemica. Finally, there is an opportunity at this time to further 
investigate the fluorescence of MTT formazan not only in cell cultures but also in vivo by using 
whole animal models. Thanks to the increase in detection threshold and resolution in fluorescence 
detection chambers, it is becoming increasingly possible to do such studies even with low-
efficiency luminescent compounds. 
 Hopefully, this review will spark such interest, and seed new ideas among those researchers 
working in Cell Biology, Redox Biology and Physiology regarding the uses of MTT and other 
tetrazolium’s salts. Indeed, we anticipate that sooner than later such work will demonstrate that 
tetrazolium salts have a broad range of applications, going further than “just” viability assays. 
 
Acknowledgements 
 
This work was partially supported by grants from the Ministerio de Economía y Competitividad 
(CTQ2013-48767-C3-3-R), Spain. ABC acknowledges funding under the Marie Skłodowska-Curie 
Action COFUND 2015 (EU project 713366 – InterTalentum). RWH thanks Prof Graeme Cooke, 
School of Chemistry, University of Glasgow, UK, for provision of facilities.  
  
9 
 
References  
 
Altman, F.P., 1976. Tetrazolium salts and formazans. Prog. Histochem. Cytochem. 9, 1–56. 
 
Angius, F., Floris, A., 2015. Liposomes and MTT cell viability assay: an incompatible affair. 
Toxicol. In Vitro 29, 314–319. 
 
Aziz, D.M., 2006. Assessment of bovine sperm viability by MTT reduction assay. Anim. Reprod. 
Sci. 92, 1–8. 
 
Berlowska, J., Kregiel, D., Klimek, L., Orzeszyna, B., Ambroziak, W., 2006. Novel yeast cell 
dehydrogenase activity assay in situ. Pol. J. Microbiol. 55, 127–131. 
 
Bernas, T., Dobrucki, J.W., 2000. The role of plasma membrane in bioreduction of two tetrazolium 
salts, MTT, and CTC. Arch. Biochem. Biophys. 380, 108–116. 
 
Bernas, T., Dobrucki, J., 2002. Mitochondrial and nonmitochondrial reduction of MTT: interaction 
of MTT with TMRE, JC-1, and NAO mitochondrial fluorescent probes. Cytometry 47, 236–242. 
 
Bernas, T., Dobrucki, J.W., 2004. Backscattered light confocal imaging of intracellular MTT-
formazan crystals. Micr. Res. Tech. 64, 126–134. 
 
Berridge, M.V., Tan, A.S., 1993. Subcellular localization, substrate dependence and involvement of 
mitochondrial electron transport in MTT reduction. Arch. Biochem. Biophys. 303,  474-482. 
 
Berridge, M.V., Tan, A.S., McCoy, K.D., Wang, R., 1996. The biochemical and cellular basis of 
cell proliferation assays that use tetrazolium salts. Biochemica 4, 14–19.  
 
Berridge, M.V., Herst, P.M., Tan, A.S., 2005. Tetrazolium dyes as tools in cell biology: new 
insights into their cellular reduction. Biotechnol. Annu. Rev. 11, 127–152. 
 
Bertolesi, G.E., Trigoso, C.I., Espada, J., Stockert, J.C., 1995. Cytochemical application of tris(2,2’- 
bipyridine) ruthenium(II): fluorescence reaction with sulfated polyanions of mast cell granules. J. 
Histochem. Cytochem. 43, 537–453. 
 
Bhupathirajua, V.K., Hernandez, M., Landfeara, D., Alvarez-Cohen, L., 1999. Application of a 
tetrazolium dye as an indicator of viability in anaerobic bacteria. J. Microbiol. Meth. 37, 231–243. 
 
Bradley, P.G., Kress, N., Hornberger, B.A., Dallinger, R.F., Woodruff, W.H., 1981. Vibrational 
spectroscopy of the electronically excited state. 5. Time-resolved resonance Raman study of 
tris(bipyridine) ruthenium(II) and related complexes. Definitive evidence for the “localized” MLCT 
state. J. Am. Chem. Soc. 103, 7441–7446. 
 
Carmichael, J., DeGraff, W.G., Gazdar, A.F., Minna, J.D., Mitchell, J.B., 1987. Evaluation of a 
tetrazolium-based semiautomated colorimetric assay: assessment of chemosensitivity testing. 
Cancer Res. 47, 936-942. 
 
Chakrabarti, R., Kundu, S., Kumar, S., Chakrabarti, R., 2000. Vitamin A as an enzyme that 
catalyzes the reduction of MTT to formazan by vitamin C. J. Cell. Biochem. 80, 133–138. 
 
10 
 
Colston, J., Horobin, R.W., Rashid-Doubell, F., Pediani, J., Johal, K.K., 2003. Fluorescent probes 
for endoplasmic reticulum – Why are they selective? An experimental and qsar-modelling study. 
Biotech. Histochem. 78, 323–333.  
 
Comley, J.C., Turner, C.H., 1990. Potential of a soluble tetrazolium/formazan assay for the 
evaluation of filarial viability. Int. J. Parasitol. 20, 251–255.  
 
Comley, J.C., Townson, S., Rees, M.J., Dobinson, A., 1989. The further application of MTT-
formazan colorimetry to studies on filarial worm viability. Trop. Med. Parasitol. 40, 311–316. 
 
Cory, A.H., Owen, T.C., Barltrop, J.A., Cory, J.G., 1991. Use of an aqueous soluble 
tetrazolium/formazan assay for cell growth assays in culture. Cancer Commun. 3, 207–212. 
 
Da Luz, D.S., Gomes Da Silva, D., Marques Souza, M., Giroldo D., De Martinez Gaspar Martins, 
C., 2016. Efficiency of Neutral Red, Evans Blue and MTT to assess viability of the freshwater 
microalgae Desmodesmus communis and Pediastrum boryanum. Phycol. Res. 64, 56–60. 
 
Dias, N., Nicolau, A., Carvalho, G.S., Mota, M., Lima, N., 1999. Miniaturization and application of 
the MTT assay to evaluate metabolic activity of protozoa in the presence of toxicants. J. Basic 
Microbiol. 39, 103–108. 
 
Diaz, G., Melis, M., Musin, A., Piludu, M., Piras, M., Falchi, A.M., 2007. Localization of MTT 
formazan in lipid droplets. An alternative hypothesis about the nature of formazan granules and 
aggregates. Eur. J. Histochem. 51, 213–218. 
 
Dunigan, D.D., Waters, S.B., Owen, T.C., 1995. Aqueous soluble tetrazolium/formazan MTS as an 
indicator of NADH- and NADPH-dependent dehydrogenase activity. Biotechniques 19, 640–649. 
 
Farber, E., Buelding, E., 1956. Histochemical localization of specific oxidative enzymes. V. The 
dissociation of succinic dehydrogenase from carriers by lipase and the specific histochemical 
localization of the dehydrogenase with phenazine methosulfate and tetrazolium salts. J. Histochem. 
Cytochem. 4, 357-362. 
 
Fasano, M., Curry, S., Terreno, E., Galliano, M., Fanali, G., Narciso, P., Notari, S., Ascenzi, P., 
2005. The extraordinary ligand binding properties of human serum albumin. IUBMB Life 57, 787–
796. 
 
Frederiks, W.M., van Marle, J., van Oven, J., Comin-Anduix, B., Cascante, M., 2006. Improved 
localization of glucose-6-phosphate dehydrogenase activity in cells with 5-cyano-2,3-ditolyl-
tetrazolium chloride as fluorescent redox dye reveals its cell cycle–dependent regulation. J. 
Histochem. Cytochem. 54, 47–52. 
 
Funk, D., Schrenk, H.-H., Frei, E., 2007. Serum albumin leads to false-positive results in the XTT 
and the MTT assay. BioTechniques. 43, 178-186. 
 
Green, F.J., 1990. The Sigma-Aldrich Handbook of Stains, Dyes and Indicators. Aldrich Chemical 
Co., Milwaukee, p. 488.  
 
Greenstein, J.P., 1954. Biochemistry of Cancer. Academic Press, New York. 
 
Grela, E., Ząbek, A., Grabowiecka, A., 2015. Interferences in the optimization of the MTT assay for 
viability estimation of Proteus mirabilis. Avicenna J. Med. Biotech. 7, 159–167. 
11 
 
 
Gruden, C.L., Fevig, S., Abu-Dalo, M., Hernandez, M., 2003. 5-Cyano-2,3-ditolyl tetrazolium 
chloride (CTC) reduction in a mesophilic anaerobic digester: measuring redox behavior, 
differentiating abiotic reduction, and comparing FISH response as an activity indicator. J. 
Microbiol. Meth. 52, 59–68. 
 
Honoré, S., Kovacic, H., Pichard, V., Briand, C., Rognoni, J.B., 2003. α2β1-Integrin signaling by 
itself controls G1/S transition in a human adenocarcinoma cell line (Caco-2): implication of 
NADPH oxidase-dependent production of ROS. Exptl. Cell. Res. 285, 59–71.  
 
Horobin, R.W., 1982. Selection of optimum tetrazolium salts for use in histochemistry: the value of 
structure-staining correlations. Histochem. J. 14, 301-310. 
 
Horobin, R.W., Kiernan, J.A., 2002. Conn’s Biological Stains. A Handbook of Dyes, Stains and 
Fluorochromes for use in Biology and Medicine, 10th ed. Bios Scientific Publishers, Oxford.  
 
Horobin, R.W., Rashid-Doubell, F., 2013. Predicting small molecule fluorescent probe localization 
in living cells using QSAR modeling. 2. Specifying probe, protocol and cell factors; selecting 
QSAR models; predicting entry and localization. Biotech. Histochem. 88, 461–476. 
 
Horobin, R.W., Rashid-Doubell, F., Pediani, J.D., Milligan, G., 2013. Predicting small molecule 
fluorescent probe localization in living cells using QSAR modeling. 1. Overview and models for 
probes of structure, properties and function in single cells. Biotech. Histochem. 88, 440–460.  
 
Horobin, R.W., Stockert, J.C., 2011. Uptake and localization mechanisms of fluorescent and colored 
lipid probes. 1. Physicochemistry of probe uptake and localization, and the use of QSAR models for 
selectivity prediction. Biotech. Histochem. 86, 379–393. 
 
Horobin, R.W., Stockert, J.C., Rashid-Doubell, F., 2006. Fluorescent cationic probes for nuclei of 
living cells: why are they selective? A quantitative structure-activity relations analysis. Histochem. 
Cell. Biol. 126, 165–175. 
 
Horobin, R.W., Stockert, J.C., Rashid-Doubell, F., 2015a. Uptake and localization mechanisms of 
fluorescent and colored lipid probes. Part 2. QSAR models that predict localization of fluorescent 
probes used to identify ("specifically stain") various biomembranes and membranous organelles. 
Biotech. Histochem. 90, 241–254. 
 
Horobin, R.W., Stockert, J.C., Rashid-Doubell, F., 2015b. Uptake and localization mechanisms of 
fluorescent and colored lipid probes. Part 3. Protocols for predicting intracellular localization of 
lipid probes using QSAR models. Biotech. Histochem. 90, 255–263. 
 
Jue, C.K., Lipke, P.N., 1985. Determination of reducing sugars in the nanomole range with 
tetrazolium blue. J. Biochem. Biophys. Meth. 11, 109–115. 
 
Kiernan, J.A., 2015. Histological and Histochemical Methods: Theory and Practice, 5th ed. Scion 
Publishing, Banbury UK. 
 
Koenig, H., 1965. Intravital staining of lysosomes and mast cell granules by tetrazolium salts. J. 
Histochem. Cytochem. 13, 411-413. 
 
12 
 
Kuhn, D.M., Balkis, M., Chandra, J., Mukherjee, P.K., Ghannou, P.K., 2003. Uses and limitations 
of the XTT assay in studies of Candida growth and metabolism. J. Clin. Microbiol. 41, 506–508. 
 
Ladyman, M.K., Walton, J., Lillienkampf, A., Bradley, M., 2016. Fluorescent formazans and 
tetrazolium salts – Towards fluorescent cytotoxicity assays. Comb. Chem. High Throughput Screen. 
19, 384–391. 
 
Lillie, R.D., 1977. H.J. Conn’s Biological Stains, 9th ed. Williams and Wilkins, Baltimore. 
 
Liochev, S.I., Fridovich, I., 1995. Superoxide from glucose oxidase or from nitroblue tetrazolium? 
Arch.  Biochem. Biophys. 318, 408–410. 
 
Liu, Y., Peterson, D.A., Kimura, H., Schubert, D., 1997. Mechanism of cellular 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction. J. Neurochem. 69, 581–
593.  
 
Lunt, S.Y., Vander Heiden, M.G., 2011. Aerobic glycolysis: meeting the metabolic requirements of 
cell proliferation. Annu. Rev. Cell Dev. Biol. 27, 441–464. 
 
Marshall, N.J., Goodwin, C.J., Holt, S.J., 1995. A critical assessment of the use of microculture 
tetrazolium assays to measure cell growth and function. Growth Regul. 5, 69–84.  
 
Masouredis, S.P., Shimkin, M.B., McMillan, J.A., Fox, S.W., 1950. Distribution of radioactivity in 
tissues of normal and tumor-bearing mice following intravenous administration of radio-
iodotetrazolium salt. J. Natl. Cancer Inst. 11, 91–96. 
 
Merlin, J.L., Azzi, S., Lignon, D., Ramacci, C., Zeghari, N., Guillemin, F., 1992. MTT assays allow 
quick and reliable measurement of the response of human tumour cells to photodynamic therapy. 
Eur. J. Cancer 28A,1452–1458.  
 
Morgan, D.M., 1998. Tetrazolium (MTT) assay for cellular viability and activity. Meth. Mol. Biol. 
79, 179–183. 
 
Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. J. Immunol. Meth. 65, 55–63. 
 
Misra, V.S., Dhar, S., 1980. Synthesis of some newer formazans and tetrazolium salts and their 
effect on Ranikhet disease virus and the vaccinia virus. Pharmazie 35, 585–586. 
 
Nociari, M.M., Shalev, A., Benias, P., Russo, C., 1998. A novel one-step, highly sensitive 
fluorometric assay to evaluate cell-mediated cytotoxicity. J. Immunol. Methods 213, 157-167. 
 
Potter, V.R., 1951. Studies on the reactions of the Krebs citric acid cycle in tumor, with 
homogenates, slices and in vivo technics. Cancer Res. 11, 565–570. 
 
Pérez, L.M., Alvarez, B.L., Codony, F., Fittipaldi, M., Adrados, B., Peñuela, G., Morato J., 2010. A 
new microtitre plate screening method for evaluating the viability of aerobic respiring bacteria in 
high surface biofilms. Lett. Applied Microbiol. 51, 331–337. 
 
Pearse, A.G.E., 1957. Intracellular localisation of dehydrogenase systems using monotetrazolium 
salts and metal chelation of their formazans. J. Histochem. Cytochem. 5, 515–527. 
  
13 
 
Pfeiffer, H.H., 1964. Use of polarized light for the demonstration of tetrazolium salts reduced to 
formazans. Z. Wiss. Mikrosk. 66, 117–121.  
 
Rashid-Doubell, F., Horobin, R.W., 1993. Selection of fluorescent Golgi complex probes using 
structure-activity relationship models, in: Bach, P., Reynolds, C.H., Clark, J.M., Mottley, J., Poole,  
P.L. (Eds.), Biotechnology Applications of Microinjection, Microscopic Imaging and Fluorescence.  
Plenum, New York. pp 73–78. 
 
Rich, P.R., Mischis, L.A., Purton, S., Wiskich, J.T., 2001. The sites of interaction of 
triphenyltetrazolium chloride with mitochondrial respiratory chains. FEMS Microbiol. Lett. 202, 
181–187. 
 
Rodriguez, G.G., Phipps, D., Ishiguro, K., Ridgway, H.F., 1992. Use of a fluorescent redox probe 
for direct visualization of actively respiring bacteria. Appl. Environ. Microbiol. 58, 1801–1808. 
 
Roehm, N.W., Rodgers, G.H., Hatfield, S.M., Glasebrook, A.L., 1991. An improved colorimetric 
assay for cell proliferation and viability utilizing the tetrazolium salt XTT. J. Immunol. Methods 
142, 257–265. 
 
Rutenburg, A.M., Gofstein, R., Seligman, A.M., 1950. Preparation of a new tetrazolium salt which 
yields a blue pigment on reduction and its use in the demonstration of enzymes in normal and 
neoplastic tissues. Cancer Res. 10, 113–121. 
 
Seidler, E., Scheuner, G., 1980. On the birefringence of formazans. Zentralbl. Allg. Pathol. 124, 
291–294. 
 
Seidler, E., 1992. The tetrazolium-formazan system: design and histochemistry. Progr. Histochem.  
Cytochem. 24, 1–86. 
 
Severin, E., Stellmach, J., Nachtigal, H.M., 1985. Fluorometric assay of redox activity in cells. 
Analyt. Chim. Acta 170, 341–346.  
 
Severin, E., Seidler, E., Huang, C.J., 1992. Flow cytometric assay for specific dehydrogenases as 
demonstrated with human tumor cell lines. Appl. Fluor. Technol. 4, 3–7. 
 
Shawalin, A.S., Samy, N.A., 2015. Functionalized formazans: a review on recent progress in their 
pharmacological activities. J. Adv. Res. 6, 241–254. 
 
Sieracki, M.E., Cucci, T.L., Nicinski, J., 1999. Flow cytometric analysis of 5-cyano-2,3-ditolyl 
tetrazolium chloride activity of marine bacterioplankton in dilution cultures. Appl. Environ. 
Microbiol. 65, 2409–2417. 
 
Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vistica, D., Warren, J.T., Bokesch, 
H., Kenney, S., Boyd, M.R., 1990. New colorimetric cytotoxicity assay for anticancer-drug 
screening. J. Natl. Cancer Inst. 82, 1107-1112. 
 
Slater, T. F., Sawyer, B., Straeuli, U., 1963. Studies on succinate-tetrazolium reductase systems. 
III. Points of coupling of four different tetrazolium salts. Biochim. Biophys. Acta. 77, 383-393. 
 
14 
 
Stellmach, J., Severin, E., 1987. A fluorescent redox dye – Influence of several substrates and 
electron carriers on the tetrazolium salt formazan reaction of Ehrlich ascites tumor cells. Histochem. 
J. 19, 21–26. 
 
Stockert, J.C., Abasolo, M.I., 2011. Inaccurate chemical structure of dyes and fluorochromes found 
in the literature can be problematic for teaching and research. Biotech. Histochem. 86, 52–60. 
 
Stockert, J.C., Vanzulli, S.I., Cañete, M., Villanueva, A., Juarranz, A., Nonell, S., Colombo, L.L., 
2009. Regression of the murine LM3 tumor by repeated photodynamic therapy with meso-tetra (4-
N,N,N-trimethylanilinium) porphine. J. Porphyrins Phthalocyanines 13, 560-566. 
 
Stockert, J.C., Abasolo, M.I., Blázquez–Castro, A., Horobin, R.W., Revilla, M., Lombardo, D.M., 
2010. Selective labeling of lipid droplets in aldehyde fixed cell monolayers by lipophilic 
fluorochromes. Biotech. Histochem. 85, 277–283. 
 
Stockert, J.C., Blázquez-Castro, A., Cañete, M., Horobin, R.W., Villanueva, A., 2012. MTT assay for 
cell viability: intracellular localization of the formazan product is in lipid droplets. Acta Histochem. 
114, 785–796. 
 
Stockert, J.C., Blázquez-Castro, A., 2017. Fluorescence Microscopy in Life Sciences. E-Book, 
Bentham Science Publishers, Sharjah, U.A.E. DOI: 10.2174/97816810851801170101 
 
Stoddart, M.J., 2011. Cell viability assays: introduction. Methods Mol. Biol. 740, 1–6.  
 
Straus, F.G., Cheronis, N.D., Straus, E., 1948. Demonstration of reducing enzyme systems in 
neoplasms and living mammalian tissues by triphenyl tetrazolium chloride. Science 108, 113–115. 
 
Tan, A.S., Berridge, M.V., 2000. Superoxide produced by activated neutrophils efficiently reduces 
the tetrazolium salt, WST-1 to produce a soluble formazan: a simple colorimetric assay for 
measuring respiratory burst activation and for screening anti-inflammatory agents. J. Immunol. 
Meth. 238, 59–68. 
 
Terasaki, M., 1994. Labeling of the endoplasmic reticulum with DiOC6(3). In: Celis, J.E. (Ed.), Cell 
Biology: A Laboratory Handbook. Academic Press, New York. pp. 381–386.  
 
Thom, S.M., Horobin, R.W., Seidler, E., Barer, M.R., 1993. Factors affecting the selection and use 
of tetrazolium salts as cytochemical indicators of microbial viability and activity. J. Appl. Bacteriol.  
74, 433–443. 
 
Trafny, E.A., Lewandowski, R., Zawistowska-Marciniak, I., Stepinska, M., 2013. Use of MTT 
assay for determination of the biofilm formation capacity of microorganisms in metalworking 
fluids. World J. Microbiol. Biotechnol. 29, 1635–1643. 
 
Uchinomya, S., Horobin, R.W., Alvarado-Martinez, E., Chang, Y-T., 2016. Prediction of 
intracellular localisation of fluorescent dyes using QSAR models. Comb. Chem. High Throughput 
Screen. 19, 378–383. 
 
Van den Berg, B.M., 2015. Microscopic analysis of MTT stained boar sperm cells. Open Vet. J. 5, 
58–63. 
 
15 
 
Vander Heiden, M.G., Cantley, L.C., Thompson, C.B., 2009. Understanding the Warburg effect: the 
metabolic requirements of cell proliferation. Science 324, 1029–1033.  
 
van Meerloo, J., Kaspers, G.J., Cloos, J., 2011. Cell sensitivity assays: the MTT assay. Meth. Mol. 
Biol. 731, 237–245. 
 
Van Noorden, C.L.F., 2010. Imaging enzymes at work: metabolic mapping by enzyme 
histochemistry. J Histochem Cytochem 58, 481-497. 
 
Van Tonder, A., Joubert, A.M., Cromarty, A.D., 2015. Limitations of the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay when compared to three commonly used 
cell enumeration assays. BMC Res. Notes 8, 47–57. 
 
Vega-Avila, E., Pugsley, M.K., 2011. An overview of colorimetric assay methods used to assess 
survival or proliferation of mammalian cells. Proc. West. Pharmacol. Soc. 54, 10–14. 
 
Venitt, S., Crofton-Sleigh, C., 1979. Bacterial mutagenicity tests of phenazine methosulphate and 
three tetrazolium salts. Mutation Res. 68, 107-116. 
 
Villegas-Mendoza, J., Cajal-Medrano, R., Maske, H., 2015. INT (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(phenyl) tetrazolium chloride) is toxic to prokaryote cells precluding its use with 
whole cells as a proxy for in vivo respiration. Microbiol. Ecol. 70, 1004–1011. 
 
Visser, W., Scheffers, W.A., Batenburg-van der Vegte, W.H., van Dijken, J.P., 1990. Oxygen 
requirements of yeasts. Appl. Environ. Microbiol. 56, 3785-3792. 
 
Vistica, D.T., Skehan, P., Skudiero, D., Monks, A., Pittman, A., Boyd, M.R., 1991.Tetrazolium-
based assays for cellular viability: a critical examination of selected parameters affecting formazan 
production. Cancer Res. 51, 2515–2520. 
 
Wang, X.D., Deng, R.C., Liu, Y., Li, B., Huang, S., Ouyang, H., Xiao, Z.P., 2014. Modification of 
MTT assay for precision and repeatability and its mechanistic implication. Asian J. Chem. 26, 
8015–8018. 
 
Warburg, O., 1930. The Metabolism of Tumors. Constable, London.  
 
Winterbourn, C.C., Hampton, M.B., 2008. Thiol chemistry and specificity in redox signaling. Free 
Rad. Biol. Med. 45, 549–561. 
 
Winzer, K., Van Noorden, C.J.F., Köhler, A., 2001. Quantitative cytochemical analysis of glucose-
6-phosphate dehydrogenase activity in living isolated hepatocytes of European flounder for rapid 
analysis of xenobiotic effects. J. Histochem. Cytochem. 49, 1025–1032.  
 
White, M.J., DiCaprio, M.J., Greenberg, D.A., 1996. Assessment of neuronal viability with Alamar 
blue in cortical and granule cell cultures. J. Neurosci. Methods 70, 195-200. 
 
York, J.L., Maddox, L.C., Zimniak, P., McHugh, T.E., Grant, D.F., 1998. Reduction of MTT by 
glutathione S-transferase. Biotechniques 25, 626–628. 
 
Young, F.M., Phungtamdet, W., Sanderson, B.J.S., 2005. Modification of MTT assay conditions to 
examine the cytotoxic effects of amitraz on the human lymphoblastoid cell line WIL2NS. Toxicol. 
16 
 
in Vitro 19, 1051–1055. 
 
 
 
 
  
17 
 
 
Legends of figures 
 
Fig. 1. Chemical structure of the cationic tetrazolium ring (A), the reduced formazan product (B, 
showing the rotation freedom of aromatic rings (R1, R2, R3) as curved arrows), and the probes MTT 
(C) and CTC (D). Double bonds and charges are conventionally shown in formal positions. 
 
Fig. 2. Examples of sulfonated derivatives of tetrazolium salts and a formazan reagent. A: MTS. B: 
WST-1. C: XTT. D: Zincon. 
 
Fig. 3. HeLa cells treated wih 62.5 μg/mL MTT tetrazolium for 1.5 h and observed immediately 
after treatment. A, B: Merged images from red-pseudocolored MTT formazan granules and blue 
emission of NAD(P)H (A) or green emission of FAD (B). Observe the low NAD(P)H and high 
FAD emission of mitochondria immediately after MTT tetrazolium treatment (see Stockert et al., 
2012). To detect possible colocalization, bright-field images of MTT formazan deposits were 
converted to a gray scale, inverted, and transformed to red-pseudocolored images using the public 
domain ImageJ software (http://rsb.info.nih.gov/ij/). Arrows indicate formazan-containing lipid 
droplets. 
 
Fig. 4. HeLa cells treated with 50 μg/mL MTT tetrazolium for 1.5 h and observed in bright-field. A: 
Control cells without sunflower oil treatment. B: Cells subjected to 6 h pre-treatment with a 
sunflower oil emulsion before MTT tetrazolium. N: cell nuclei. 
    
Fig. 5. HeLa cells subjected to incubation with a sunflower oil emulsion for 16 h and then treated 
with 50 μg/mL MTT tetrazolium for 1 h. A: Bright-field image. B: Fluorescence image. C: Red 
gradient from B converted to false color after image processing and analysis with ImageJ software 
(LookUp Table: red/green). Arrows indicate formazan-containing lipid droplets. G: Golgi 
apparatus. 
 
Fig. 6. Emission of the MTT formazan complexed with ruthenium(II) (MTTF-Ru(II), emission peak 
at 535 nm) from an aqueous 50 μg/mL MTT tetrazolium reduced with 0.5 mg/mL ascorbic acid, air 
dried, dissolved in 90 % ethanol containing 0.5 mg/mL RuCl3, and excited at 420 nm. Under the 
same excitation, no emission is found for MTT formazan (MTTF, control curve in 90 % ethanol 
without Ru(II)).  
 
Fig. 7. MTT labeling of mouse tumors. A: BALB/c mice bearing intradermal LM3 tumors (see 
Stockert et al., 2009). Animals at top: controls (without MTT). Animals at bottom: 3 h after 
intratumoral injection of MTT tetrazolium (10 μg in 0.1 mL of 0.9 % NaCl solution). B: Processed 
image of A after removal of the blue color, subtraction of the new image from A, and marking off 
the red color to define the optimal contrast between red and blue colors. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of the article). 
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Table 1. Observed and predicted properties of various tetrazolium salts (& one formazan). Predictions generated using the cited QSAR models. 
Structure parameters required were obtained as described by Horobin and Rashid-Doubell (2013) and Horobin et al. (2015a).  
 
Compound 
 
Observed interaction with live 
cells 
Predicted property/mechanism 
(using QSAR model from cited reference/s) 
Structure parameters 1 
Z log P AI 2 HGH 2 
CTC  
tetrazolium 
 
Does not enter intact eukaryotic 
cells. 
Weakly lipophilic cation. Strong amphiphilicity retains CTC 
in plasma membrane, inhibiting dye internalization (Horobin 
et al., 2013).  
 
1+ 
 
0.5 
 
5.1 
 
 
-4.6 
MTT 
tetrazolium 
 
 
Accumulates within live cells. 
Lipophilic & amphiphilic cation, membrane permeable. 
Accumulates first in mitochondria then in endoplasmic 
reticulum (Colston et al., 2003, Horobin et al., 2015a). 
 
1+ 
 
1.8 
 
3.8 
 
-2.0 
MTT 
formazan 
 
Accumulates in Golgi apparatus 
and lipid droplets. 
Lipophilic uncharged compound. Accumulates in lipid 
droplets (Uchinomya et al., 2016) and Golgi apparatus 
(Rashid-Doubell and Horobin, 1993).  
 
0 
 
4.5 
 
na 
 
na 
 
MTS 
tetrazolium 
 
No significant accumulation in 
live cells. 
 
Both free acid & anionic species hydrophilic. Membrane 
impermeable (Horobin et al., 2015a). 
 
0 
 
-0.3 
 
na 
 
na 
 
1- 
 
-2.7 
 
na 
 
na 
NBT 
tetrazolium 
 
 
Accumulates within live cells. 
Lipophilic dication. Membrane permeable (Horobin et al., 
2015a). 
 
2+ 
 
2.3 
 
na 
 
na 
WST-1 
tetrazolium 
 
Does not enter live cells, reduced 
at plasma membrane. 
Hydrophilic anion. Trapped in plasma membrane due to 
amphiphilicity, cell entry by flip-flop prevented by very 
hydrophilic headgroup (Horobin et al., 2013) 
 
1- 
 
-3.6 
 
4.7 
 
-8.3 
XTT 
tetrazolium 
 
 
Does not enter cell, reduced at 
plasma membrane. 
 
Hydrophilic anion. Membrane impermeable (Horobin et al., 
2013). 
 
1- 
 
-5.7 
 
na 
 
na 
 
1 Z is electric charge, log P the log of the octanol-water partition coefficient, AI the amphiphilicity index, HGH the head group hydrophilicity. 
2 na indicates not applicable, as molecule is not predicted to be amphiphilic.  
 
